This paper provides a general introduction to the occurrence, epidemiology, and toxicity of some of the most common contaminants of water supplies, the volatile organic chemicals (VOCs). The VOCs are formed from the reaction of chlorine during disinfection with naturally occurring carbon in the form of humic acids. The VOCs may also enter water supplies as a result of manufacturing, processing, distribution, and urban and agricultural run off. Their occurrence is summarized in this paper.
INTRODUCTION
OLATILE ORGANIC CHEMICALS (VOCs) may be found in water from several sources. During V the disinfection process when chlorine is used as the disinfectant, VOCs are formed from the reaction of chlorine with naturally occurring carbon in the form of humic acids.(') The other sources of VOCs in raw water before treatment are chemicals from spills and groundwater pollution from manufacturing, processing, distribution, and urban and agricultural run off.
In any single water sample, several VOCs may be identified. For example, as shown in Table  1 a variety of short chained aliphatic hydrocarbons may be found in water samples following disinfection. (') The difficulty in reviewing epidemiologic studies related to skin exposure is the general lack of such studies. The skin should be considered an important possible route of exposure and many of the more general studies examining drinking water exposure that will be considered National Academy of Sciences, Washington, D.C. Adapted from Ref. (5) .
later include skin exposure as one of the routes that is considered when accounting for total exposure. This piesentation examines the occurrence, epidemiology, and general toxicity of VOCs as a class of chemical substances. As previously indicated, several chemicals may be found in either raw or finished water. Some of the more important substances are shown in Table 2 . Of all of these substances, probably the most important in this class is chloroform. Other important chlorinated chemicals include the dichloroethanes, methylene chloride, trichloroethylene, tetrachloroethylene, and carbon tetrachloride, the latter three substances being more common in raw water or contaminated finished water and well water. 
OCCURRENCE OF VOLATILE ORGANIC COMPOUNDS IN WATER
There have been several surveys of VOCs in surface waters, groundwater, and finished water supplies as described recently in Volume 9 of Drinking water and Hea/th. Table 3 shows high concentrations of some specific organic chemicals (such as trichlorethylene at 35,000 pg/L and l,l,l-trichloroethane at more than 400,000 pg/L), "more commonly, contamination is found at less than 10 pg/L with smaller percentages in the 10-100 pg/L and in the 100-1,000 pg/L range."(s) In one national survey, the VOCs most frequently found in finished groundwater supplies (other than the trihalomethanes) were trichlorethylene, 1, 1, 1-trichloroethane, tetrachloroethylene, cis and trans-l,2-dichloroethy- lene, and 1,l-dichloroethane (Westrick et al., 1984) . Table 4 summarizes the occurrences of the compounds detected at 186 randomly sampled sites serving more than 10,000 people each. The distribution of the VOC concentrations, shown in Table 5 , demonstrates that large systems were likely to exceed a concentration of 5.0 pg/L more frequently than small systems. In both random and nonrandom samplings, the median concentrations of specific compounds in the positive samples ranged from about 0.2 to 9 pg/L. One can conclude that VOCs other than trihalomethanes are normally found at concentrations of less than 10 pg/L, and often less than 1 pg/L in finished groundwater supplies.
EPIDEMIOLOGY OF VOLATILE ORGANIC CHEMICALS IN WATER

Correlational studies
Epidemiologic studies of drinking water typically rely on a characterization of water treatment as either chlorinated or nonchlorinated combined with a classification of the water supply source as either surface water or groundwater. Some studies use modeling of past exposures to estimate levels of contamination to various VOCs. This modeling usually takes into account current monitoring data and histories of past water treatment practices. However, most epidemiologic studies of drinking water are seriously hampered by the universal exposures that occur in humans and the need to control for potentially confounding variables, such as diet, smoking, and the geographic movement of large populations. Volume 3 of Drinking Water and Health@) reviewed 13 epidemiologic studies, beginning with the initial mortality associations of Harris and colleagues. (7) The majority of these are correlational studies, using mortality as the outcome measure: only three of the studies used specific chemical assays for THMs as exposure variables. The committee preparing this report noted methodologic problems with these early studies and the generally low and inconsistent risk to specific cancer sites. They concluded that with the large array of possible confounding factors it would be difficult to ascribe an effect to any factor with certainty. This is a common problem with these studies. Additional reviews of epidemiologic studies have been prepared.(*-")
The more recent review by the National Research Council, Volume 7 of Drinking Water and Health(l2) described approximately 15 studies subsequent to those of the 1980 report. The following is a brief review of these studies grouped by epidemiologic design. The route of exposure is assumed to be ingestion; however, since the route is not really developed in these studies, it includes skin exposure. As progressively greater ability is developed to assess exposure in individuals, it should be possible to differentiate skin exposure from other routes.
Carlo and Mettlin(l3) studied 4,255 cases of esophageal, stomach, colon, rectal, bladder, and pancreatic cancers reported through the New York State Tumor Registry for Erie County, New York between 1973 and 1976. They calculated age-adjusted incidence rates by census tract and correlated findings with the IeveI of THMs from a single survey in JuIy, 1978. Statistically positive associations were found between surface water and esophageal and pancreatic cancer in white male subjects and THM levels. Nonetheless, the authors had little faith in these findings, noting that the pancreas-THM relationship was found only in one sex-race subgroup and that only 10% of the census tracts were served by groundwater. Since only a single analysis of the source was conducted, the opportunity to form meaningful associations was limited.
Tuthill and Moore(l4) related cancer mortality rates from 1969 to 1976 in Massachusetts to supplied surface water. They estimated the average past chlorine dose, recent THM levels, and chlorine dosage. Stomach and rectal cancers significantly correlated with recent THM levels and chlorine dosage. However, when stepwise regression models with population migration patterns and ethnic data were used, the significance of the associations between cancer rates and THM and chlorine dose disappeared. a single major source of drinking water for the period 1969-1978. Rates of lung and rectal cancers were higher in communities supplied by surface water than those supplied by groundwater. The risk ratios for male (1.32) and female (1.29) lung and female rectal (1.39) cancers were higher in communities supplied with chlorinated water.
Isacson et a1. (17) examined cancer incidence in communities of 1,000-1 0,000 inhabitants supplied by groundwater with non-chlorination-induced contamination of 1,2-dichloroethane in finished water. Significantly elevated rates of colon and rectal cancers were found in residents of communities with detectable levels of 1,2-dichloroethane.
Mortality case-control studies
Brenniman et a1. (18) conducted a case-control study of gastrointestinal and genitourinary cancers in Illinois residents, excluding Cook County. The cases were cancer deaths from 1973 to 1976; controls were noncancer deaths over the same period. The authors limited their study to communities only served by groundwater supplies. Even though elevated relative risks of chlorination were found for colon and rectal cancer, particularly in female subjects, the authors believed that the results showed no clear associations, since little consistency appeared in the analysis of subgroups. In a further review of this study, Crump and Guess(l0) found that the numbers examined were too limited to allow sufficient power to detect significant but relatively small associations.
Young et a1. (19) and Kanarek and Young@O) examined associations among gastrointestinal, genitourinary, brain, lung, and breast cancers in white female subjects in Wisconsin from 1972 to 1977 by a death-certificate-based case-control design. Detailed information on past source and treatment characteristics of the community water supplies was obtained by interviewing plant operators to elicit those factors presumed to influence the organic content of the raw water. Based on these factors, estimates of chlorinated byproducts were constructed. Only colon cancer was significantly associated with the estimated chlorine dosage for the past 20 years. No relative risk gradient was found according to high, medium, or low chlorine dosage, but an approximate doubling of the risk (1.5-3.0) occurred when the analysis was restricted to chlorinated sources presumed to relate to increases in THM formation.
Gottlieb et a1.(2lJ*) compared cancer and noncancer deaths from 1960 to 1975 in Louisiana parishes. The parishes were selected for similarities in industrialization and exposure to surface and groundwater. The length of time of water source exposure was estimated by relating place of birth to place of death. Three types of cancer (rectal, breast, and lung) showed significant association with surface water. The risk considered to be most suggestive of a causal relationship was found for rectal cancer. Elevated odds ratios were seen in both sexes, and a dose-response gradient was noted, with odds ratios of 2.50, 1.57, and 1.00 for lifetime surface, some surface, and lifetime groundwater use, respectively.
Lawrence et alX23) used the New York State retirement system to identify public school teachers and recorded deaths among them between 1962 and 1978. A total of 395 colon and rectal cancers in white female subjects in the central geographic corridor of the state were identified and matched by age and year of death with noncancer deaths from the same pool. Water source and treatment were recorded for each study subject for a 20 year period at home or work prior to death. Cumulative chloroform exposure was modeled from previous THM surveys. Calculation of odds ratios showed no associations with either colon or rectal cancers.
Zierler et al. (24) examined the patterns of mortality of residents of Massachusetts who died from 1969 to 1983 and lived in communities using drinking water that was disinfected by either chlorine or chloramine. There were 51,645 deaths due to selected cancers and 214,988 controls who died from cardiovascular, cerebrovascular, or pulmonary disease or from lymphatic cancer. Bladder cancer mortality was elevated (odds ratio 1.7) in residents of communities with chlorinated water. It is interesting that small increases in deaths due to pneumonia and THOMAS influenza were detected among residents of communities using chloramine as their drinking water disinfectant.
Case-control studies using personal interview Cragle et al.(25) performed an incidence-based case-control study of colon cancer and water chlorination in North Carolina in which detailed personal interviews were used to collect necessary information regarding exposure over a 25 year residency period. The cases examined were hospitalized male and female subjects with primary colon cancer; controls were patients with the closest admission date who matched on age, race, sex, vital status, and hospital and who had no previous history of cancer. The results provided a comparison of those exposed to chlorinated surface water with those exposed to nonchlorinated groundwater. A statistically significant relationship was found between chlorination and colon cancer for those older than 60 years of age. Although this effect was not seen in younger individuals, for older age groups the odds ratio was higher for persons who drank chlorinated water in their home for 16 years or more. For persons 80 years of age or older, the odds ratio reached 3.36.
Young et a1. (26) conducted a case-control study of colon cancer and THMs in white men and women between the ages of 35 and 90 in Wisconsin. There were 400 living patients with colon cancer selected from the Wisconsin Cancer Reporting System. Lifetime residential and drinking water source histories, diet, medical history, social class, and other lifestyle factors were obtained by questionnaire. Detailed historical data on community water source and treatment were collected. Using current levels of THMs from a recent survey, the investigators constructed a model for estimating period-specific exposures to THMs. Small risks of marginal significance were found for exposure to THMs at the time of diagnosis, but no significant risk ratios were found for any other period. The results of this study contrast with the earlier case-control mortality study conducted by the same investigators in the same general population of Wisconsin, in which a significant positive association was found between colon cancer and THMs. The reasons for the differences in outcome are not known; however, they may be partly due to design differences. The authors suggested that one explanation could be that the generally low levels of THMs found in Wisconsin surface waters would limit the ability to detect significant differences. In 1979, the National Cancer Institute launched a nationwide collaborative study of the relationship between bladder cancer and the use of artificial sweeteners. Cantor et al. (2' ) were able to analyze the effects of chlorination of drinking water on bladder cancer using the same data set. The drinking water regions examined included metropolitan Atlanta, Detroit, New Orleans, San Francisco, and Seattle and the states of Connecticut, Iowa, New Jersey, New Mexico, and Utah. All population-based cancer incidence registries were examined for live patients. In separate data collection, water utilities serving more than 1,000 persons were surveyed, and information on source, chlorination, and protection of watershed was collected. Cantor et a1.(*8) has reported positive associations of bladder cancer risk with level of tap water ingestion and duration of exposure, predominantly among study subjects with long-term residence in communities served by chlorinated surface water.
TOXICITY OF VOLATILE ORGANIC COMPOUNDS
The following is a summary of the general toxicity of some of the most common VOCs found in drinking water samples. This summary is not intended to be an exhaustive review of these chemicals; it is provided as a brief overview.
Chloroform
In the past few years, the chemical substance of most interest in treated drinking water supplies is chloroform (trichloromethane). It is a highly volatile, colorless, heavy liquid, that is slightly soluble in water (0.8 g / g of water at 20" C). Besides being formed during chlorination of raw water containing naturally occurring humic substances, chloroform has been used extensively as an insecticidal fumigant and as a general solvent for adhesives, pesticides, fats, oils, rubbers, and resins. It was also used for several years in the formulation of cough syrups, toothpastes, liniments, and toothache compounds.
Chloroform is rapidly absorbed from the gastrointestinal tract following oral administration.(*9J As with many other simple chlorinated chemicals, chloroform is metabolized through action of the cytochrome P450 system to its toxic components. It has been proposed(30) that chloroform is metabolized to an unstable trichlormethanol intermediate that is further metabolized through cytochrome P450 to phosgene. Phosgene is thought to be responsible for the hepatic and renal toxicity observed with chloroform. Smith and Hook131) have shown a decrease in chloroformreactive intermediates when cytochrome-P45O-mediated metabolism is inhibited with inhibitors such as SKF-525A, piperonyl butoxide, or metyrapone. There is evidence to indicate that chloroform is metabolized the same way in laboratory rats and humans.132) Fry et al. (33) found that during 8 h following ingestion of chloroform, human volunteers had eliminated approximately 50% of the ingested chloroform, principally in the breath.
It has been known for several years that chloroform causes both liver and kidney damage. In the last several years, significant sex and strain differences in toxicity have been observed in laboratory animals.(34) Torkelson et aL (35) described liver and kidney damage in laboratory rabbits, rats, guinea pigs, and dogs. Microscopic examination of tissues revealed centrilobular necrosis and cloudy swelling of kidneys.
Humans developed liver failure following anesthesia with chloroform soon after surgery. Another important toxic effect that developed from chloroform anesthesia was cardiac arrhythmia due to sensitization of the myocardium (heart muscle). Ventricular fibrillation then occurred following the arrhythmias because of anoxia and, in some cases, heart failure. For these reasons, chloroform was eliminated as an anesthetic agent.
As described in the discussion on carcinogenicity, male laboratory rats administered chloroform developed renal epithelial cell tumors and mice developed liver tumors.136J Thus, chloroform is considered an animal carcinogen and a probable human carcinogen. Its carcinogenicity in humans has not been confirmed.
Trichloroethylene
This is one of the halogenated chemicals that is not known to occur naturally; when trichloroethylene (TCE) occurs in water supplies it is from contamination. It is one of the four most common contaminants found at Superfund sites. In groundwater, it slowly degrades by microbial action to dichloroethylene isomers and then, to a limited extent, to vinyl chloride, a known human ~arcinogen.13~J These results have been confirmed in laboratory studies under simulated groundwater conditions. (38.39' As with other halogenated substances of this class, TCE causes central nervous system (CNS) depression following high acute exposures. However, most fatalities from high acute exposures are due to the effects of TCE on the myocardium (heart muscle), where it causes arrhythmias, ventricular fibrillation, and heart failure. The potential for TCE to cause cardiac sensitization was observed early,I40) when TCE was investigated as a human anesthetic agent.
TCE is rapidly absorbed from the gastrointestinal tract after ingestion and from the lungs after inhalation to cause systemic effects, including liver and kidney injury. The effects of TCE on the liver are well known in humans and can be produced in laboratory animal models exposed to high concentrations of TCE. (41-43' THOMAS Several chronic animal studies have been conducted to assess the potential of TCE to produce cancer. (44) In mice, hepatocellular carcinomas were the most common tumors found and in rats renal tumors were observed. Inhalation studies in mice have produced both lung and liver tumors, and in rats kidney tumors and Leydig cell tumors of the testes were found. One research group (45) has also shown that TCE produces malignant lymphomas in female mice.
It is clear that the mouse is more susceptible than the rat to the carcinogenic effects of TCE. (46) The evidence that TCE is carcinogenic in rats is not nearly as convincing as the evidence in mice. Some have suggested that the mouse is uniquely susceptible to hydrocarboninduced carcinogenicity (47) and thus may not be a good model in assessing human risk. This is a topic of continuing research and is an important issue in the assessment of other VOCs.
Several other halogenated substances formed as a result of the disinfection of water with chlorine are described in a recently published report reviewing the chemistry and toxicity of disinfection and disinfection byproducts.(l*) The volatility of the different byproducts varies with their level of oxidation. The most highly oxidized are usually less volatile. Several of these substances produce effects similar to those described for the other chlorinated chemicals reviewed above. Many produce CNS depression and liver and kidney effects. These are common effects and expected because of their similar mechanisms of action. Andrews and SnyderW have provided an excellent summary of the common mechanisms of toxicity for haloalkanes and haloalkenes.
Depending on the substance, other effects may also be produced. Several of the chemicals have been shown to be mutagenic and some have or will be shown to be carcinogenic as testing is completed.
An example of the importance of the understanding of mechanism can be shown in the case of TCE discussed above. TCE does not appear to be a strong carcinogen in laboratory animal studies. Several studies have not shown carcinogenic effects and others show only lung and liver tumors in mice. TCE has not been shown to be carcinogenic in humans; however, the epidemiologic studies of workers exposed to TCE are clearly inadequate. Metabolic studies show marked hepatic peroxisome proliferation in mice but not in rats exposed to TCE. (49, 50) There has been evidence of a link between peroxisome proliferation and cancer in mice.(51) It now appears that this proliferation is triggered by trichloroacetic acid (TCA), a metabolite of TCE. Recent findings (52) show that TCA acts as a complete carcinogen and thus may be responsible for TCE's carcinogenicity. There are also marked differences between species in the production of TCA from TCE.
Tetrach foroethy fene
Tetrachloroethylene (perchloroethylene, PERC) is a colorless liquid that has similar chemical and toxicologic properties to the other VOCs discussed in this section. It has been used for many years as a solvent in the dry cleaning industry and in cleaning metal surfaces. It is a common contaminant in groundwater that occurs because of leaching from hazardous waste sites and from industrial spillage.
Tetrachloroethylene is easily absorbed through the skin, from the gastrointestinal tract, and through the lungs. It is mainly excreted unchanged via the lungs. As with the other VOCs, PERC is metabolized by the cytochrome P450 mixed function oxidase system to yield TCA.
The principal metabolite of PERC found in human urine is trichloroacetic acid. (53) PERC causes CNS depression and fatty degeneration of the li~er.(5~) During high-level accidental exposures, PERC has caused pulmonary edema (55) and no liver effects were observed. However, liver effects have been reported as a result of other accidental exposures. (56) In animal laboratory studies, the other major effect that has been described is damage to the kidneys.
As with many of the other VOCs, PERC produces significant increases in the incidence of hepatocellular carcinomas in mice following long-term exposure.(57) Tumors are not found at significant levels in rats.
Carbon tetrachloride
Another important substance in some drinking water supplies is carbon tetrachloride. This substance is well known to produce liver toxicity. In both humans and laboratory animals, carbon tetrachloride produces centrizonal necrosis and fat accumulation in the liver. As in the case of other halogenated aliphatic hydrocarbons, the mechanism of injury in the liver is thought to proceed by means of metabolic cytochrome P450 activation to a toxic species. Fat accumulation is caused by damage to the endoplasmic reticulum and is observed early (soon after exposure) and becomes more apparent a few hours following exposure.
Benzene
Benzene has had a long history as an industrial solvent and is found in petroleum fuels such as gasoline. Benzene is also commonly found as a contaminant in raw water. As with other highly volatile hydrocarbon compounds, benzene causes depression of the CNS. However, the most important toxic effects of benzene following repeated exposures are found in the hematopoietic (blood-cell-forming) system. Benzene causes blood disorders including aplastic anemia and leukemia. The effect of benzene on bone marrow and thus blood cells appears to be unique (58) and has not been observed for other VOCs.
Effects of benzene in laboratory animals are well known. Benzene causes significant bone marrow depression in a number of animal species, although leukemia has not been produced in laboratory animals because of the lack of a good animal model for chemical-induced leukemia. Leukemia as a result of exposure to benzene has been observed only in humans.
Benzene causes chromosomal damage such as sister chromatid exchanges (SCE) both in humans and in laboratory animals, although benzene has not been shown to be mutagenic using standard in vitro test systems. In addition, Maltoni et a1. (59) have reported the production of solid tumors in animals in a chronic bioassay during which benzene was administered orally.
The mechanism of benzene toxicity is yet unknown; nonetheless, it has been a focus of extensive investigation over the years. Most data suggest that benzene toxicity is produced by its metabolites and not by benzene itself.(60) It has been suggested for several years that hydroxylation of benzene to an epoxide is the basis of its More recent techniques have focused on covalent binding of benzene or its metabolites to DNA.(62) Both mechanisms may be active in the development of neoplastic changes. Current studies of the effects of benzene on bone marrow cells and examination of other sites of toxicity should aid in developing a better understanding of its mechanism of toxicity,
Alkyl benzenes
Several alkyl benzenes have been found in drinking water supplies. These are widely used petroleum solvents including compounds such as toluene (methyl benzene), ethyl benzene, xylenes (dimethyl benzenes), and cumene (isopropyl benzene). The most common acute effects of these solvents are CNS depression. They produce effects at high levels similar to those of commonly used general anesthetics.
The alkyl benzenes are relatively nontoxic with long-term exposure. One reason for this is their relatively quick elimination from the body through oxidative metabolism. For example, toluene is oxidized to benzoic acid and eliminated after conjugation with glycine to form hippuric acids. There have been reports of acidosis in sniffers who have abused glue solvents, probably due to the excess production of acidic metabolites through oxidation.(@ Some other toxic effects described in the literature following abuse of these solvents or following high occupational exposures are thought t o be the result of solvent contaminants and not the solvent itself. 
MUTAGENICITY OF VOCs
Several studies have been conducted to assess the mutagenic potential of raw and treated drinking water samples. These have been summarized in the recent National Research Council report on disinfection.(l2) One of the most important findings is that raw water samples are nonmutagenic until they are treated with chlorine. Since chlorine is nonmutagenic, it is thought that the mutagenic substances produced in the treated water are the result of the chlorination of humic and fulvic acids.cJ2) Meier et al. (63) have shown that approximately 20% of the mutagenic activity is due to volatile compounds.
Thus most of the mutagenic activity of the treated samples (80%) is due to the nonvolatile chlorination products of humic and fulvic acids. This is consistent with the finding that most of the chlorinated VOCs are either nonmutagenic or weakly mutagenic. For example, chloroform tested in the Ames mutagenicity assay with TAlOO strain Salmonella typhimurium was nonmutagenic.(64) However, Callen(65) did show some positive effects for several VOCs including dichloromethane, halothane, carbon tetrachloride, trichloroethylene, tetrachloroethylene, and tetrachloroethane, in yeast (Saccharomyces cerevisiae). The effects seen included increased gene convertants and an increase in reverse mutations.
CARCINOGENICITY OF VOCs
Several VOCs are considered probable human carcinogens based on animal bioassays and a few have been found to be human carcinogens. These include benzene, vinyl chloride, carbon tetrachloride, 1 ,Zdichlorethane, and trichlorethylene. Chloroform and bromoform have been shown to be carcinogenic in animals but not in humans. For all of these substances, the EPA has set maximum contaminant level goals (MCLGs) at zero. Since it is impossible to attain zero levels in practice, alternative maximum contaminant levels (MCLs) have been set. These are shown in Table 6 .
The virtually safe dose (VSD) can be estimated for each of these substances by use of the linearized multistage model associated with an incremental lifetime risk of 10-5 of developing cancer. This calculation assumes a lifetime exposure at a constant dosage and estimates the probability of cancer associated with that dosage. These estimates are based on the laboratory animal bioassays conducted at relatively high dose levels.
The linearized multistage model is one of the most widely used models for extrapolating animal data to humans. It is the current model used by the EPA.(66) The model is flexible in its application and is linear at very low dosage. It is also possible to estimate cancer risks associated with environmental exposures at the upper boundary for the risk under various alternative assumptions.
The NRC(67) has recently published a report indicating that at the very low dosages commonly found in environmental settings the excess risk estimate associated with exposure to several carcinogens using the linearized multistage model would be equal to the sum of the individual excess risks for each individual carcinogen. The low dosage is defined as one for which the excess risk is less than 0.1-1Yo and the relative risk of cancer in the exposed group is small (less than 1.01). Table 6 shows that the incremental risk of cancer is less than 10-5 for benzene and trichloroethylene at the MCL. For carbon tetrachloride, dichloroethane, and vinyl chloride, the MCL exposure exceeds the VSD and thus exceeds the risk of 10-5. For example, for vinyl chloride the risk would be approximately 1 X at the MCL.
CONCLUSIONS
Several VOCs are typically found together as contaminants in drinking water samples. These include halogenated chemicals such as chloroform, tetrachloroethane, trichloroethane, and 1,2dichloroethane.
Epidemiologic studies have shown no associations, limited associations, and positive associations between exposure to VOCs in drinking water and various cancers. The more recent studies that include a progressively greater ability to obtain data from individuals and that apply improved statistical methods are showing positive associations between VOC exposure and bladder and colon cancers. Toxicologic studies in animals show that at high levels these chemicals produce similar pharmacologic and toxic effects, including a narcotic effect on the CNS; they are metabolized by the same enzyme systems in the liver and a few have been shown to cause liver cancer in rodents, especially in mice. Because of the similarities in target organs, VOCs can be considered for purposes of hazard assessment as a class of chemical agents. The current judgment is to consider chemicals that express their toxicity by similar mechanisms in the same target organs as additive. (6,66-6*) Some common systemic toxic effects have also been found. The most common are liver and kidney effects. A good example of this class of substances is chloroform, which is one of the simpler compounds. It has been found to cause both liver and kidney toxicity because it is metabolized to biologic reactive compounds that then damage these organs. Metabolism inhibitors such as SKF-525A decrease the toxicity of chloroform (69) and compounds such as diethylmaleate potentiate its action in lived7@ and kidney.c7') Other effects have been observed on the hematopoietic system, spleen, and thyroid. However, these have not been as important as the effects seen in the liver and kidney.
The VOCs have generally not been shown to be strong mutagens. In most assays either weak or no mutagenic activity has been found.
There is strong evidence that some VOCs such as chloroform are carcinogenic. However, many others are not. The VOCs as a class cannot be considered carcinogenic. It is therefore inappropriate to perform cancer risk analysis of mixtures of VOCs as a class. However, cancer risk assessment of carcinogenic members of this class is appropriate.
The VOCs should be investigated as a class of substances with particular reference to the various endpoints of toxicity. Since there are striking similarities of toxicity between individual members of the VOC class of chemical substances, correlations may be seen between the number of carbon atoms and the number of halogen atoms present in each VOC and its toxicity. A few of the VOCs (e.g., benzene) exhibit unique toxic effects. As more is learned about combined effects of mixtures of VOCs, attempts should be made to model VOCs for combined effects. These models should also take into account attempts that are underway to model absorption through the skin in the development of overall models for skin exposure.
